[1] The partitioning of available energy into dissipative fluxes over land surfaces is dependent on the state variable of the surface energy balance (land surface temperature) and the state variable of the surface water balance (soil moisture). The direct measurement of the turbulent fluxes is achieved with in situ instruments at tower sites. These point-scale measurements are sparsely distributed. Broader scale mapping of the turbulent fluxes is mostly dependent on land surface temperature (LST) and optical/infrared vegetation that can be sensed remotely. There are several data assimilation approaches currently in use that intake sequences of daytime LST that attain different diurnal amplitudes depending on available energy and the relative efficiency of surface energy balance to infer the magnitude of surface flux components such as latent and sensible heat flux. In this study we perform stability analysis on the evolution of LST in order to provide insights into the physical bases for why LST variations can be used to diagnose surface energy balance (SEB) components. The derived relative efficiencies of SEB components in dissipating available energy at the land surface are tested using two field experiment measurements. The results show that the theoretically derived relative efficiencies of SEB components agree well with field observations. The study provides insight into how LST sequences implicitly contain the signature of partitioning of available energy among SEB components and can be used to infer their magnitudes.
Introduction
[2] The sensible (H), latent (LE), and ground (G) heat fluxes as well as outgoing longwave radiation (OLR) are key terms in the surface energy balance and work to dissipate available energy at the land surface. The magnitude of the combined turbulent fluxes (H þ LE) and their relative partitioning affect the evolution of surface heating and drying, influence the structure of boundary layer clouds and act to force the dynamics of the lower troposphere. Ground heat flux has a direct and significant influence on soil temperature which affects the rates of biochemical processes. The components of surface energy balance (SEB) are routinely observed at select point locations where instruments are installed on tower platforms (e.g., AmeriFLUX, FLUXNET). The networks of such tower sites are however limited in coverage and mapping important fluxes such as H and LE is not possible based on their observations alone. Remote sensing data do have the advantage of spatial coverage. However they cannot be used to sense fluxes directly. Related variables such as land surface temperature (LST), optical/infrared vegetation indices (VI) and soil moisture are nevertheless observed using remote sensing instruments. There are many proposed approaches for using LST, VI, soil moisture and other directly sensed variables to estimate the SEB components and especially the turbulent fluxes. They may be broadly categorized in three main groupings.
[3] In the first grouping, empirical relations have been formed between remotely sensed LST, VI and the turbulent fluxes [Moran et al., 1994; Gillies et al., 1997; Sandholt et al., 2002; Kalma et al., 2008] . A prime example of such approaches is the so-called triangle method [e.g., Gillies et al., 1997; Carlson, 2007] for retrieving surface evaporation rate from the normalized difference vegetation index (NDVI)-LST relationship.
[4] Beyond these empirical and site-specific approaches, a second group of flux retrieval models mostly use instantaneous observations of LST combined with surface air micrometeorology measurements to solve the surface energy balance and predict surface heat fluxes [Anderson et al., 1997; Bastiaanssen et al., 1998a Bastiaanssen et al., , 1998b Mecikalski et al., 1999; Jiang and Islam, 2001; Su, 2002; Kalma et al., 2008] . Sensible heat flux (H) is related to LST. Net radiation (R n ) is estimated by establishing a balance between the incoming and outgoing longwave and shortwave radiation. These models are diagnostic and often require closure assumptions since both the land surface temperature (T) and its time tendency (dT/dt) appear in the surface energy balance equation. The most common closure assumption is that the ground heat flux (G) that is related to time tendency (dT/dt) is a given empirical fraction of the net radiation, i.e., G=R n ¼ constant, or a function of vegetation indices [Santanello and Friedl, 2003] . Given estimates of H, R n , and G, latent heat flux (LE) may be then obtained as the residual of the surface energy balance.
[5] The evolution of LST implicitly contains information about the history of partitioning among the surface energy balance components including the turbulent fluxes. This is because different components of SEB have different relative efficiencies in dissipating available energy at the land surface. This recognition has led to a third grouping of approaches to inferring LE and H from remote sensing data. Sequences of LST measurements are assimilated into the force-restore equation to estimate evaporative fraction, EF ¼ LE/(LE þ H) (which scales partitioning among the turbulent heat fluxes) and bulk heat transfer coefficient, C HN (that scales the sum of turbulent heat fluxes, H þ LE) [Caparrini et al., 2003 [Caparrini et al., , 2004a [Caparrini et al., , 2004b Crow and Kustas, 2005; Sini et al., 2008] . This group of studies is built based on the principle that EF is almost constant during daytime hours in cloud-free days with intense solar radiation forcing [Lhomme and Elguero, 1999; Gentine et al., 2007 Gentine et al., , 2011 .
[6] The diurnal cycle of solar radiation provides a strong forcing of the surface energy balance. Components of the surface energy balance such as latent heat flux, sensible heat flux, ground heat flux and outgoing longwave radiation work to dissipate the available energy at the land surface. Since they have different relative efficiencies, the diurnal cycle of land surface temperature will be affected if there are controls and limits on the fluxes. For example low turbulence can limit the sum of the sensible and latent heat fluxes; moisture limitation can affect the partitioning among the sensible and latent heat fluxes. Thus sensing of the diurnal cycle of land surface temperature, coupled with knowledge of the radiative forcing of the land surface can yield important information on the magnitude of the surface energy balance components. The key enabling factor is the existence of differences in the relative efficiencies of the components of surface energy balance. In this study we derive the theoretical relative efficiencies and estimate their relative magnitudes.
[7] Linear stability analysis is used to quantify the relative efficiencies of the surface energy balance components. In the linear stability analysis, LST perturbations to the stable (reference) state are applied to a linearized form of the dynamic equation governing LST evolution (surface energy balance). The theoretical relative efficiencies obtained from stability analysis are evaluated for two field experiment data sets. 
Stability Analysis
where T s ðz; tÞ is soil temperature at depth z and time t, T is the deep ground temperature, p is the soil thermal conductivity, and c is the volumetric heat capacity. G(t) is the ground heat flux or surface boundary forcing, and is related to the other components of the land surface energy balance via,
where R n is the net radiation. Each term in (3) is generally related to land surface temperature, T ð0; tÞ, and each term dissipates LST perturbations and restores the system to equilibrium. The question is how each term is effective and influential in this process. Linear stability analysis addresses this question by providing insight into the contribution of each of the terms in dissipating LST perturbations.
[9] To implement the stability analysis, the solution to the system (1)-(3) may be approximated at the surface by a single ordinary differential equation. This approximation allows modeling the evolution of land surface temperature in response to variations in surface boundary forcing G(t) occurring at a principal diurnal frequency (!). To achieve this approximation, the following assumptions are invoked: (1) the surface forcing term G(t) has a strong singlefrequency (e.g., diurnal) behavior in time, and (2) the soil thermal properties are nearly constant with depth [Dickinson, 1988; Hu and Islam, 1995; Castelli et al., 1999] . This approximation is represented by the well-known forcerestore equation for land surface temperature, which consists of a forcing term (1st on the right hand side, that takes into account the effect of surface energy budget) and a restoring term (2nd on the right side, accounts for the effect of deep ground temperature T ) [Dickinson, 1988; Hu and Islam, 1995; Gao et al., 2008; Campo et al., 2009] :
where P is the thermal inertia, ffiffiffiffiffiffiffiffiffi ffi pc=2 p .
[10] Net radiation, the forcing in (4), is the sum of the incoming and outgoing shortwave and longwave radiation fluxes:
where is the surface albedo, R # s is the incoming solar radiation, R # l is the incoming longwave radiation, " is the surface emissivity and ¼ 5.67 Â 10 (W m À2 K
À4
) is the Stefan-Boltzmann constant.
[11] Using a bulk resistance formulation, sensible heat flux can be expressed in terms of the near surface gradient of temperature (T) from the land surface (subscript s) to the atmosphere (subscript a):
where c p is the air specific heat, is the air density, T a is the air temperature at a reference height z ref , and r a is the aerodynamic resistance for heat transfer from the surface to the overlying air layer at z ref .
[12] When soil or vegetation do not exert control or resistance on evaporation (as in the case of moist soil or well-watered vegetation), LE is at its maximum possible value denoted by potential evaporation,
where q Ã s ðT s Þ is the saturated specific humidity at the surface temperature (T s ), q a is the overlying air humidity and L is the specific latent heat of vaporization. This is a conceptual flux and only an intermediary step toward characterizing the actual latent heat flux.
[13] The actual evaporation term (LE) is reduced below the potential value through a moisture availability parameter () that is dependent on soil moisture or vegetation stress. This term links the surface energy balance to the surface water balance [Mahfouf and Noilhan, 1991] :
As mentioned above, depends on soil moisture but it has some important limitations. Carlson et al. [2007] shows that vegetation reduces transpiration below potential even when the soil is adequately moist. Here is a bulk parameter used to indicate either drier soils or stressed vegetation that reduce evaporation below its potential value.
[14] Substituting (5)- (8) in (4) results in
[15] The outgoing longwave radiation ("T 4 s ) and saturated specific humidity (q Ã s ðT s Þ) terms are linearized around air temperature (T a ) through truncated Taylor's series,
[16] The linearized LST evolution equation can be regrouped into terms, with and without T s :
where
ð is the nondimensional time scaleÞ;
ðr o is radiative flux resistanceÞ; 
ðr g is ground heat flux resistanceÞ;
Q 0 contains all the terms that do not have an explicit dependence on the state variable, T s . P a is the air pressure, and e s is the saturated air vapor pressure.
[17] The system is strictly dissipative since all the statedependent terms are always negative. The system tends to restore to an equilibrium surface temperature, T 
The solution of (18) is
where T s ð0Þ is an initial land surface temperature perturbation due to anomalies in available energy as included in Q 0 .
[18] Two important dependencies have been neglected in this linearization in order to simplify the problem and hence focus on the more major relations. The nondimensional time includes the turbulent flux aerodynamic resistance (r a ). This resistance is dependent on the factors that affect turbulence in the surface air layer. Besides the wind shear near the surface, gradients in air temperature also affect the static stability, buoyancy and ultimately turbulence in the air above the surface [Liu et al., 2007] . This dependence on temperature is not explicitly factored in the above analysis. Furthermore, the ground heat flux resistance (r g ) depends on soil thermal inertia, which varies slightly with soil moisture content. This dependence is also not factored in explicitly.
Discussion
[19] Equation (19) indicates that the initial land surface temperature perturbation, T s ð0Þ, is reduced in time by four dissipative mechanisms: (1) latent heat flux, (2) sensible heat flux, (3) ground heat flux, and (4) outgoing longwave radiation. The relative efficiency and effectiveness of these mechanisms may be assessed through four nondimensional measures Á (latent heat flux relative efficiency), 1 (sensible heat flux relative efficiency), r a r g (ground heat flux relative efficiency), and r a r o (outgoing longwave radiation relative efficiency). The nondimensional efficiency terms are relative to sensible heat flux which is unity due to the linear dependence in (6). The efficiency terms depend on a number of environmental and physiographic factors but air temperature, i.e., climate, is a common and principal factor.
[20] Figure 1 shows how each of the four mechanisms (or components of SEB) influences the dissipation of available energy at the land surface at different air temperatures. For a moist surface where is near unity, latent heat flux efficiency ( Á or the nondimensional Clausius-Clapeyron relation) is a strong function of air temperature. It is important to note that in colder climates when air temperature is low, sensible heat flux is more efficient than latent heat flux. Therefore, over cold surfaces such as polar oceans, the Bowen ratio (H/LE) is often large and even greater than unity. Between 0 C and 25 C, Á ranges between 0.66 (less than one) and 2.84 (larger than one). This significant increase of the latent heat flux efficiency Á over only a limited air temperature range is due to the nonlinear dependence of saturated vapor pressure (e s ) on the air temperature, which is governed by the Clausius-Clapeyron relationship.
[21] The nonlinear dependence of saturated specific humidity q Ã s % 0:622 e s P a with respect to air temperature (Figure 2 ) is well known to be the physical basis for the dependence of the Bowen ratio on air temperature over moist surfaces (energy-limited evaporation regime or unstressed evaporation). Monteith [1981] (source for Figure 2) shows that the efficiency of latent heat flux increases rapidly as the temperature rises. The quantity dq Ã s =dT s j T a (slope of air saturated specific humidity-temperature dependence and related to Clausius-Calpeyron relation) increases with air temperature. Therefore, the same (T s À T a that scales sensible heat flux) magnitudes at different temperatures result in very different (q Ã s À q Ã a ) values that drive the latent heat flux ( Figure  2) . As a result, over a reasonable air temperature range latent heat flux varies from less to more efficient than sensible heat flux in dissipating heat. Monteith [1981] shows the nonlinear dependence of saturated specific humidity q Ã s % 0:622 e s P a on air temperature (Figure 2 ), indicating that LE is more efficient than H, especially at higher temperatures. However, his study did not provide insight on the relative efficiency of other components of the SEB equation (e.g., ground heat flux and outgoing longwave radiation).
[22] Generally during midday and near the peak of solar forcing when the energy balance components generally take on their maximum values, and consequently ground heat flux is more influential than outgoing longwave radiation to restore the system to its equilibrium state.
[23] A nominal r a value of 60 (s m À1 ) is used to compute the relative efficiency of OLR À r a r o Á and ground heat flux À r a r g Á (Figure 1 ). To compute r g (see equation (16)), soil thermal inertia (P) is set equal to a typical value of 800
). The results in Figure 1 show that among all the components of surface energy balance, outgoing longwave radiation is the least efficient and the efficiency 
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only slightly increases in warmer climates. The ground heat flux is also relatively inefficient when compared to the turbulent fluxes near midday and peak solar radiation hours [Gentine et al., 2010] . Its efficiency does not increase with air temperature and generally is one-third less efficient than sensible heat flux during midday.
[24] The dependency of latent heat flux efficiency on air temperature for a moist surface is shown in Figure 1 and further explained with Figure 2 and accompanying discussion. Besides the latent heat flux relative efficiency dependence on air temperature, it also scales with moisture stress at the land surface through . This is also the critical link to the surface water balance and indicates how the sequences of LST, given incoming radiation, can be used to infer attributes of the surface water balance. Figure 3 shows the sensitivity of actual latent heat flux efficiency (Á/) to air temperature variations at different values. For low values (i.e., around 0.1), the latent heat flux efficiency increases slightly with increasing air temperature. For values close to one, the efficiency of latent heat flux increases significantly with an increase in the air temperature. This is because scales the relative efficiency which increases with air temperature. Figure 3 also indicates that for a given value of T a the evaporation rate (LE efficiency) is at its peak at the first stage of evaporation (energy limited) when soil is sufficiently wet and is close to 1. As evaporation proceeds and transitions to the second stage of evaporation (water limited), Á/ decreases and evaporation (latent heat flux efficiency) is strongly restricted by the soil moisture or vegetation stress response control on moisture availability.
[25] The nominal conditions in Figure 1 correspond to midday over regions with minimal advection and cloud intermittency. The nominal case is selected to correspond with the peak solar conditions when the components of the surface energy balance are generally at their highest values.
Nonetheless the relative efficiencies in (19) also apply to other conditions but take on different values. For example during nighttime when the air above the land surface becomes stably stratified on many occasions, the aerodynamic resistance r a becomes large and the outgoing longwave radiation resistance r o and ground heat flux resistance r g are less in magnitude leading to relatively higher relative efficiencies (nondimensional r a r o and r a r g with r a in the numerator). Hence these two fluxes dominate the surface energy balance. The relative efficiencies derived in this study are meant to provide insight into the mechanisms that enable data assimilation schemes that use sequences of daytime LST to work. Hence our focus is on the midday nominal conditions.
Testing With Field Observations
[26] The theoretical sensible, latent, and ground heat fluxes as well as outgoing longwave radiation relative efficiencies (1, Á=, r a =r g , and r a =r o , respectively) are compared with the corresponding measurements (H/H, LE/H, G/H, and OLR/H) from two field experiments. The field experiments cover contrasting environments. The first field experiment was conducted in a subhumid environment, namely the tall grass prairie in Kansas (First ISLSCP Field Experiment, FIFE). During the FIFE experiment (summers in the May 1987 to late 1989) extensive surface micrometeorology and flux-tower observations were collected at several locations across a 15 km Â 15 km site over the Konze prairie [Sellers et al., 1992] . Betts and Ball [1998] generated a site-averaged data set (referred to as the FIFE data set in this study) based upon multiple station data series. Thus the FIFE data set provides high-quality halfhourly flux, micrometeorology (wind speed, air temperature, and humidity at a reference height of 2 m), and radiometric LST data.
[27] Sud Mediterannee (SUDMED) field experiment was conducted in a semiarid region in Marrakesh, Morocco. The conditions of this experiment are described in the work of Duchemin et al. [2006] , Gentine et al. [2007] , and Chehbouni et al. [2008] . The study site used here (R3) is a wheat field with sparse vegetation. The R3 site is located 45 km east of Marrakech and covers an area of 2800 ha. Two field parcels within the R3 site, namely the 123rd (R3-B123) and 130th (R3-B130), were fully instrumented to provide continuous measurements of micrometeorological data at 2 m above the ground, heat fluxes, and LST every half an hour. The measurement period covers all cycles of wheat season: sowing, vegetative growth, full canopy, and senescence. The explored site is periodically irrigated by flooding [Gentine et al., 2011] . This caused significant changes in the energy partitioning at the land surface and it is thus well-suited experiment for our study.
[28] The soil type at R3 site is mainly composed of clay and sand. The volumetric heat capacity of soil can be estimated from c ¼ c s þ c w [De Vries, 1963; Campbell, 1985] (where c w and c s are the volumetric heat capacity of water and dry soil, and is the volumetric soil water content). The literature value for c w is 4.2 Â 10 6 (J m À8 K
À1
) [Hillel, 1998; Abu-Hamdeh, 2003 ]. Following Gentine et al. [2011] , c s is set to 1.42 Â 10 6 (J m À8 K
). Also, the mean of volumetric soil water content () measurements during the observation period is 0.28. Substituting the abovementioned 
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magnitudes of c s , c w , and into c ¼ c s þ c w leads to a value of 2.60 Â 10 6 (J m À8 K
À1
) for the soil volumetric heat capacity (c). Based of the soil type (clay and sand) and its average water content ( ¼ 0.27), the soil heat conductivity (p) is set to 1.35 (J m À8 K
) [Hillel, 1998; Abu-Hamdeh, 2003 ].
[29] Figure 4 compares the theoretical relative efficiencies of H, G, OLR, and LE (i.e., 1, r a =r g , r a =r o , and Á=) with the corresponding measurements (i.e., H/H, G/H, OLR/H, and LE/H) available from FIFE and SUDMED datasets. The theoretical relative efficiencies for sensible heat flux (1), ground heat flux (r a =r g ), and outgoing longwave radiation (r a =r o Þ are shown as solid lines. Relative efficiencies of H, G, and OLR observations (i.e., H/H, G/H, OLR/H) are indicated on the same figure by circles. The error bars are plus and minus one standard deviation for data in each T a bin. These observed relative efficiency values are obtained at solar noon time on days with clear-sky conditions.
[30] The theoretical and observed relative efficiency of LE are classified in terms of their effective . The LE efficiency strongly depends on (Figure 4) . Light, medium, and dark gray bands indicate the range of variability of theoretical relative efficiency of LE (i.e., Á=) for 0 < < 0.3, 0.3 < < 0.6, and 0.6 < < 0.9, respectively. Similarly, relative efficiencies of LE measurements (i.e., LE/H) are classified into three groupings according to their values: 0 < < 0.3 (shown by triangles), 0.3 < < 0.6 (crosses), and 0.6 < < 0.9 (black circles). The observational data effective values associated with the relative efficiency of measured LE are retrieved as the ratio of LE observations to LE p estimations. LE p is estimated from the Penman equation:
where q Ã s ðT a Þ ¼ 0:622e s =ðP a À 0:378e s Þ, and r a is obtained by substituting the measurements of H, T s , and T a in equation (6).
[31] The observed efficiencies of SEB components (i.e., LE/H, H/H, G/H and OLR/H), which are represented by symbols in Figure 4 are relative to an equilibrium state where the flux and LST perturbations vanish nearly together. For example, the sensible heat flux approaches zero when the land and reference height temperatures equilibrate to the same value. Similarly, the ground heat flux vanishes when the land surface temperature approaches the deep soil temperature. The latent heat flux vanishes at a temperature that brings the specific humidity at the surface to be equal to that of air at reference height. The OLR flux is the gray body Stefan-Boltzmann law ("T 4 s ) and as a flux does not approach zero until temperature itself is zero. A reference state needs to be defined for the OLR term near which both the heat dissipation through OLR flux and the land surface temperature perturbation generally vanish together. The equilibrium (zero) state for this flux is defined as the flux that would lead to isothermal conditions between the land and overlying air temperature. The land surface temperature perturbation would approach zero together with the OLR flux with this definition. We consider an isothermal condition between the land surface and the surface air layer as this reference state.
[32] As shown in Figure 4 the gray bands defining ranges of the latent heat flux relative efficiency correspond well Figure 4 . Comparison of theoretical relative efficiencies of H, LE, G, and OLR with measurements for (top) FIFE and (bottom) SUDMED. Theoretical efficiencies of H, G, and OLR (i.e., 1, r a =r g , r a =r o ) are shown by blue, red, and green lines, respectively. Light, medium, and dark gray bands represent the range of variability of theoretical relative efficiency of LE (i.e., Á=) for 0 < < 0.3, 0.3 < < 0.6, and 0.6 < < 0.9, respectively. Observed relative efficiencies of sensible heat flux, ground heat flux, and outgoing longwave radiation (i.e., H/H, G/H, and OLR/H) are indicated by blue, red, and green circles, respectively, with 1 standard deviation variability in each T a bin. Measured relative efficiency of latent heat flux (i.e., LE/H) are classified according to their values: triangles (0 < < 0.3), crosses (0.3 < < 0.6), and black circles (0.6 < < 0.9).
with the experimental values. The magnitudes and discrimination among them for different values are consistent. Also, the increasing rate of Á= with air temperature at different values is consistent with the observations. For low values (light gray band), Á= increases slightly as air temperature rises. Similar trend is seen in the observations (triangles). In contrast, for high values (dark gray band), Á= rises rapidly when air temperature increases. Similar pattern can be observed in the measurements (black circles). Finally the observed relative efficiencies of ground heat flux, and outgoing longwave radiation agree well in terms of magnitude and range with the corresponding theoretical values (see Figure 4) .
Conclusion
[33] Land surface temperature temporal variations contain a significant amount of information about the partitioning of available energy among the land surface energy balance components (sensible, latent, and ground heat fluxes as well as outgoing longwave radiation). Since these dissipative terms have different relative efficiencies, the evolution of land surface temperature in response to radiative forcing contains the signature of the relative magnitude of surface energy balance components. The key enabling factor in using remotely sensed land surface temperature to estimate and map surface fluxes is the fact that differences exist in the relative efficiencies of surface energy balance components. In this study we derive these theoretical relative efficiencies of surface energy balance components. Stability analysis of surface temperature evolution is used to quantify the relative efficiency of all the surface temperature-dependent components.
[34] The results of the stability analysis show that, during daytime and near peak solar radiative forcing hours, the relative efficiency of latent heat flux varies significantly with air temperature when soil is moist or when the vegetation is unstressed. For a moist surface where is close to unity, latent heat flux is one of the least efficient mechanisms at À5 C, while it becomes the most efficient one at about 8 C This characteristic of latent heat flux is due to the nonlinear dependence of saturated specific humidity on air temperature. The relative efficiency of latent heat flux is also scaled by the availability of water at the land surface. Here we used an effective factor () to characterized the actual evaporation relative to its potential value.
[35] This study provides insights into why the sequences of LST (with temporal frequency that could characterize the diurnal cycle of LST) are often robust bases for inferring the partitioning of available energy and especially the ratio of turbulent fluxes in data assimilation (DA) systems. 
Notation

